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ABSTRACT: Densities of the missile fuel JP-10 were measured with two vibrating-tube densimeters. The combined range of the
data is from 270 to 470 K, with pressures up to 30 MPa. The speed of sound in the fuel was measured with a propagation time
method at ambient pressure from 278.15 to 343.15 K. The results for density and speed of sound at ambient pressure were combined
to obtain the adiabatic compressibility. Correlations are reported that represent the temperature and pressure dependence of the
experimental density data within their estimated uncertainty. The properties of JP-10 are compared to those of other previously

measured jet and rocket fuels.

1. INTRODUCTION

JP-10 is essentially exotetrahydrodicyclopentadiene (C,oH,¢;
CAS number 2825-82-3; molar mass = 136.23 kg kmol ). It is
also known as exo-tricyclo(5.2.1.0%)decane (TCD). It has a very
low freezing point (194 K), which has made it the only fuel used
for air-breathing missiles in the United States at the present
time." Because of its high thermal stability, high energy density,
low cost, and widespread availability, JP-10 is being investigated
as a fuel to be used in pulse-detonation engines (PDEs), where
operational temperatures and pressures are very high (1000—
2500 K and 0.1—10 MPa).” Because of their potential to produce
a higher thermodynamic efliciency, PDEs are being explored for
lightweight, low-cost, fuel-efficient space propulsion systems and
other flight systems.’

The measurements reported here are part of a project to
characterize fuels and rocket propellants"*~ to develop physical
property models that will aid in the optimal use of the fluids and
efficient engine design. Densities of the missile fuel JP-10 have
been measured in the temperature range from 270 to 470 K, with
pressures to 30 MPa. The speed of sound was measured at
ambient pressure from 278.15 to 343.15 K. Density and speed of
sound are necessary to develop Helmholtz free energy formula-
tions for thermodynamic properties to provide a framework to
predict those equilibrium properties of a fluid that have not yet
been determined. The properties of JP-10 measured in this work
are put in context of the properties of rocket propellants RP-1
and RP-2 and a Jet-A that we have characterized previously.'’

2. SAMPLE CHARACTERIZATION

The JP-10 sample measured in this work was provided by the
Fuels Branch of the Air Force Research Laboratory, Wright—
Patterson Air Force Base, OH. The sample composition was
analyzed in our laboratory with a gas chromatography—mass
spectrometry method. The analysis showed the major constitu-
ents to be JP-10 [TCD, exo-tetrahydrodicyclopentadiene,
96.5%], adamantane (1.0%), and an endoisomeric modification
of TCD (2.5%). Details of the chemical analysis of the sample are
given by Bruno et al."
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To meet the U.S. Military Specification MIL-DTL-87107D"!
for JP-10, the fuel composition must be a minimum of 98.5% of
the exo isomer. Therefore, unlike the jet fuels and rocket
propellants that we have measured previously,'”'* JP-10 is not
a complex mixture but rather a simple fluid where the major
“impurity” is typically the endo isomer. Its macroscopic proper-
ties can thus be related to the molecular characteristics of its main
constituent, TCD. To supplement our measurements and aid in
their interpretation, we have included in this work a computa-
tional study of this compound to elucidate its molecular size,
shape, and charge distribution. The equilibrium geometry of
TCD and the electrostatic potential around the molecule were
determined by ab initio calculations in the Hartree—Fock
approximation with 6-311+G** polarization basis sets.">'* This
level of approximation to solve the Schrodinger equation is
sufficient for visualization purposes. Quantitative calculations
of thermochemical properties of TCD have been carried out by
Hudzik et al,"® who used density functional theory and con-
siderably higher level composite computational chemistry meth-
ods. Figure 1 shows the molecular structure of TCD in terms of a
surface of constant electron density at 0.002 electrons au™ °, with
1 atomic unit = 5.292 nm being the Bohr radius of hydrogen.lé’17
Electron density is a measure of the probability of an electron
being present at a certain location, and the isodensity surface
shown contains approximately 99% of a molecule. This surface
may appear to represent similar information as portrayed in
conventional space-filling models that are based on the space that
molecules occupy in solid phases. However, isoelectron density
surfaces are more realistic because they are smooth and represent
molecules as soft and deformable entities instead of assemblies of
hard spheres. This is important to understand the roles of
attractive and repulsive forces in molecular interactions as well
as that of polarizability. An additional and unique advantage of
computation-based graphics of molecular structures is that charge
distributions across molecules can be visualized. In Figure 1, the
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Figure 1. Visualization of the molecular size, shape, and charge
distribution of TCD. The electrostatic potential is color-mapped onto
an electron density isosurface at the level of 0.002 electrons au > (with 1
atomic unit = 5.292 nm being the Bohr radius of hydrogen). This surface
represents approximately 99% of a molecule. The color scale ranges from
red (negative charge) to blue (positive charge). The molecule is shown
in two frontal views along its longitude (top row) and a spatial view
(bottom row), where the tube model provides orientation about the
positions of the carbon and hydrogen atoms. Most of the outside of the
molecule is charged positively, with the exception of a negatively charged
region between carbons 3 and 4.

Table 1. Density, Speed of Sound, and Adiabatic Compres-
sibility of JP-10 Measured in the Density and Sound Speed
Analyzer”

JP-10

temperature density, 0 speed of sound, w adiabatic compressibility, «

T(K)  (kgm ) (ms™") (TPa™)
278.15 947.3 1490.9 474.9
283.15 943.4 1469.2 491.1
288.15 939.5 1447.7 507.9
293.15 935.6 1426.6 525.2
298.15 931.7 140S.8 543.1
303.15 927.7 1385.2 561.8
308.15 923.8 1364.9 581.1
313.18 919.9 1344.8 601.1
318.15 916.0 1325.0 621.8
323.15 912.1 1308.5 643.4
328.15 908.1 1286.1 665.7
333.15 904.2 1267.0 688.9
338.15 900.2 1248.1 713.1
343.15 896.3 1229.6 738.0

“The ambient pressure during the measurements was 0.083 MPa.

electrostatic potential is color-mapped onto the isoelectron den-
sity surface with a color scale ranging from red (negative charge) to
blue (positive charge). This rendition is the first method that
makes polarity visible and, thus, facilitates the understanding of the

contributions of electrostatic forces to intermolecular interactions.
These contributions can range from weak attractions to hydrogen
bonds, molecular associations, and ionic bonds. The charge
distribution across the TCD molecule is rather uniform, as
indicated by the computed dipole moment of 0.06 debye. How-
ever, the visualization provides more details. Because of the lower
electronegativity of the hydrogen atoms, most of the outside of the
TCD molecule is partially positively charged, while a negatively
charged region is seen between carbons 3 and 4. The work
reported here puts these characteristics of molecular size, shape,
and charge distribution in context to the measured macroscopic
properties of density and speed of sound.

3. EXPERIMENTAL SECTION

Two apparatuses were used to perform the density measurements
presented here. Both instruments employ vibrating-tube sensors, but
they have different temperature and pressure ranges. Their calibration
and operating procedures have been described previously in the context
of our measurements of methyl- and propylcyclohexane.'® A density and
sound speed analyzer (DSA 5000, Anton Paar Corp.) was used to
determine these properties at ambient atmospheric pressure (on average
0.083 MPa at the elevation of 1633 m of Boulder, CO). Temperature
scans were programmed in the units of the instrument from 343.15 to
278.15 K in decrements of S K. The instrument was calibrated with air
and deionized water at 293.15 K. The reproducibility of reference values
for the density and sound speed of water at 293.15 K to within 0.01% was
checked before and after measurements of the fuel samples to ensure
that one sample had been removed completely before another one was
injected. The density and speed of sound were measured on the same
aliquot of the test liquid JP-10 that remained in the instrument during an
entire temperature scan. The relative standard deviation of the repeated
density measurements was lower than 0.002%; note that the quoted
uncertainty by the manufacturer is 0.1% for both the density and speed
of sound determination. However, as a result of recent measurements,
we conservatively estimate the expanded uncertainty of the speed
of sound determinations to be 0.3% (coverage factor k = 2.3) and 0.04%
(k = 2.3) for the density determinations.® Compressed liquid density
measurements were made with the fully automated densimeter
of Outcalt and McLinden' over the temperature range of 270—470
K and up to pressures of 30 MPa. The sample was measured along
isotherms from highest to lowest pressure at each temperature from 270
to 470 K in 20 K increments. The densimeter was calibrated with
propane”® and toluene,”" and the expanded uncertainty in density is
calculated to be 0.81 kg m > (k = 2).

4. RESULTS

Table 1 lists values of density, speed of sound, and derived
adiabatic compressibilities for the JP-10 sample at the local
atmospheric pressure of 0.083 MPa from 278.1S to 343.15 K.
Adiabatic compressibilities were calculated from the measured
densities and speeds of sound according to the thermodynamic
relation

K= —(V/ap),/V = 1/(pw’) (1)

where V denotes volume, p is the pressure, p is the density, and w
is the speed of sound. The subscript s indicates “at constant
entropy”.

The temperature dependencies of the JP-10 data for speed of
sound and density at ambient pressure are illustrated in panels a
and b of Figure 2. For comparison, data of a previously measured
Jet-A,' the synthetic fuel S-8,"* and rocket propellant RP-1' are
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Figure 2. (a) Measured speed of sound data and (b) measured and extrapolated density data of JP-10 compared to those of other jet fuels reported
previously in refs 10 and 12 and the correlations for (a) speed of sound and (b) density of average Jet-A and JP-8 from the CRC World Survey”” as a
function of temperature at ambient pressure.

Table 2. Compressed Liquid Densities of JP-10 Measured in the High-Pressure Vibrating-Tube Densimeter along Isotherms from
270 to 470 K*

270 K 290 K 310K 330 K 350 K 370 K

pressure, p density, p  pressure,p  density, p  pressure,p  density, p  pressure,p  density, 0  pressure,p  density, 0  pressure,p density, p
(MPa) (kgm ™) (MPa) (kgm ) (MPa) (kgm ™) (MPa) (kgm™) (MPa) (kgm ) (MPa) (kgm ™)

29.98 968.8 29.99 954.9 30.00 940.6 29.99 926.5 30.00 912.8 30.00 899.1
25.00 966.4 25.00 952.3 25.00 937.8 25.00 923.5 25.00 909.5 25.00 895.4
20.00 964.0 19.99 949.6 20.00 934.8 20.00 920.3 19.99 906.0 20.00 891.6
15.00 961.5 15.00 946.9 15.00 931.8 14.99 917.0 15.00 902.4 15.00 887.7
10.00 958.9 10.00 944.1 10.01 928.7 10.00 913.6 10.00 898.7 9.99 883.6
S5.00 956.3 S5.00 941.2 4.99 9258.5 4.99 910.1 5.00 894.8 5.00 879.3
4.00 955.7 4.00 940.6 4.00 924.8 3.99 909.3 4.00 894.0 3.99 878.4
2.99 955.2 2.99 940.0 2.99 924.2 2.99 908.6 3.00 893.1 3.00 877.5
2.00 954.7 1.99 939.4 2.00 923.5 1.99 907.9 2.00 892.3 1.99 876.5
1.00 954.1 0.99 938.8 0.98 922.8 1.00 907.1 0.99 891.5 1.00 875.6
0.49 953.8 0.50 938.5 0.50 922.5 0.49 906.8 0.49 891.0 0.50 875.2
0.083 953.6 0.083 938.3 0.083 922.2 0.083 906.4 0.083 890.7 0.083 874.8
390 K 410 K 430 K 450 K 470 K

pressure, p density, p pressure, p density, p pressure, p density, p pressure, p density, p pressure, p density, p

(MP2)  (gm®)  (MP)  (gm?)  (MP)  (gm)  (MPa)  (gm)  (MP)  (kgm )
29.99 885.3 30.00 8714 29.99 857.5 29.99 843.6 30.00 829.9
25.00 881.3 25.00 867.1 24.99 852.8 25.00 838.6 25.00 824.3
20.01 877.2 20.00 862.6 20.00 847.9 19.99 833.1 20.00 818.4
14.99 872.9 15.00 857.8 15.00 842.7 14.99 827.4 14.98 812.0
9.99 868.3 10.00 852.8 9.99 837.1 9.99 821.2 10.00 80S.1
5.00 863.5 5.00 847.5 4.99 831.1 5.00 814.4 4.99 7974
3.99 862.5 3.99 846.3 4.00 829.8 3.99 813.0 4.00 795.8

1134 dx.doi.org/10.1021/ef101561f |Energy Fuels 2011, 25, 1132-1139



Energy & Fuels

Table 2. Continued

390 K 410 K 430 K 450 K 470 K
pressure, p  density, p pressure, p density, p pressure, p density, p pressure, p density, p pressure, p density, p
(MPa) (kg m™?) (MPa) (kgm™>) (MPa) (kgm™3) (MPa) (kgm™3) (MPa) (kgm™?)
2.99 861.5 3.00 845.2 3.00 828.6 3.00 811.6 2.99 794.1
1.99 860.5 2.00 844.1 2.00 827.3 2.00 810.1 2.00 792.5
1.00 859.4 1.00 842.9 0.99 825.9 1.00 808.6 1.00 790.7
0.50 858.9 0.50 842.3 0.49 8252 0.49 807.8 0.49 789.8
0.083 858.5 0.083 841.8 0.083 824.7 0.083 807.2 0.083 789.1
“Values extrapolated to 0.083 MPa are indicated in italics.
(@) 199 (P o e - 1) Table 3. Parameters of the Correlation (eq 2) for the Density
040 of JP-10 at Ambient Pressure of 0.083 MPa and Temperatures
s from 270 to 470 K
0.08 | &
0.06 | : N Jp-10
0.04 § E 5 l - © L] : A parameter value standard deviation
[ e x « [ ] A _3
0.02 I . g g, - ° e X P (kgm ™) 293.822 0.079
0.00 o Gl B N W . B 0.504584 6.7 x10°°
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o0 L oA referenced here for RP-1 and RP-2 were taken on the samples for
260 280 300 320 340 360 380 400 420 440 460 480 which preliminary surrogate models were published by Huber
T/K et al.* Figure 2a shows that S-8 has the lowest speed of sound of all
(b) 100 (PP 1) of the fuels considered here, while the JP-10 sample measured in
expT Helmhol this work has by far the largest values. The same is true for the
010 densities shown in Figure 2b. These panels indicate how different
0.08 5 8648 the properties of JP-10 are compared to the other fuels. The high
006 %o 1 density and speeq of sound of JP-10 result from the close pgcking
fee o053 a x of carbon atoms in the more globular TCD molecule, while the
0.04 Tk % x x x L4 3 1 X other fuels consist mainly of aliphatic and aromatic hydrocarbons,
002 [on g8 g z 3 ? 3 whose molecular strucFures er.ltail greaFer excluded volum.es that
000 a 5 [ reduce the macroscopic density. Ambient pressure density and
’ n ¢ ¢ speed of sound of JP-10 reported here were also compared to
-0.02 | ) 1 calculations using the Helmholtz free energy formulation given by
004 | o Bruno et al.' The average absolute deviation (AAD) for density
was 0.02%, and the AAD for speed of sound was 0.04%. Both of
008 1 eaok ok eaK these average deviations are within the estimated uncertainties of
008 | | Xl L the experimental data reported here.
oo | L Table 2 lists measured density values of compressed liquid JP-
o 5 10 15 2 - 20 10 from 270 to 470 K with pressures to 30 MPa. It includes
p/MPa density values extrapolated to the local ambient pressure of 0.083

Figure 3. Deviations of measured compressed liquid densities from the
Helmholtz equation given by Bruno et al.' as a function of (a)
temperature and (b) pressure.

shown as well. Also included in both panels are the respective
correlations for Jet-A and JP-8 properties from the CRC World
Survey.”” The Jet-A data shown were taken on a sample that was a
mixture of five different Jet-A fuels that were blended to be
generically representative of the large composition variations in
Jet-A fuels. The RP-1 data is representative of both RP-1 and RP-2
that we have measured, because the properties of the two fluids in
the temperature range shown are so similar that they are within the

MPa at each temperature. The extrapolated data were obtained
by fitting second-order polynomials to the isothermal densities at
pressures less than or equal to 10 MPa and then calculating the
densities at 0.083 MPa from the polynomials. This extrapolation
was performed to examine the consistency of the compressed-
liquid data with the measurement results at ambient pressure
from the density and sound-speed analyzer. This consistency will
be addressed in the Correlation of Data section below. Devia-
tions of our compressed liquid density data from the Helmholtz
free energy formulation for JP-10 given by Bruno et al.' are
shown in panels a and b of Figure 3 as a function of the
temperature and pressure, respectively. The formulation repre-
sents all of our data with an AAD of 0.04%, i.e., within their
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Figure 4. Deviations of measured and extrapolated ambient pressure density data of JP-10 from the correlation (eq 2). Also shown are deviations of

literature data.

Table 4. Parameters of the Correlation (eq 3) for the Density
of JP-10 in Terms of Temperature and Pressure

JP-10
parameter value standard deviation
C 79.18232 x 10 ° 19x10*

D, 417.1 1.1

D, —370.4 1.1

Dy 86.24 030

experimental uncertainty. However, the deviations increase
systematically with increasing temperature and change signs
from positive to negative with increasing pressure along iso-
therms (with the exception of those at 270 and 290 K). The
systematic deviations result from the fact that the Helmholtz free
energy formulation was fitted not only to the density data of this
work but also simultaneously to the sound speed data as well as
other properties of JP-10 from the literature.

5. CORRELATION OF DATA

Density measurements at ambient pressure and values extra-
polated to 0.083 MPa from experimental compressed-liquid data
as reported in Table 2 were combined and correlated with a
Rackett-type equation to check the repeatability of the instru-
ments and the consistency of our data in the temperature range of
270—470 K. The equation is written as

o= ﬂ1ﬁ2<1 () 0)

Table 3 lists the correlation parameters for eq 2 and their
standard deviations as obtained by nonlinear least-squares re-
gression. In Figure 4, this correlation serves as the baseline to

compare the data at ambient pressure to the extrapolated values.
It can be seen that both our measured and extrapolated data agree
within the bounds of the estimated uncertainty of the density
measurements, shown as the dashed line. A survey of the
literature revealed six sets of ambient pressure density data.**™ >’
Deviations of those data are included in Figure 3. The majority of
the data agree with ours within our experimental uncertainty.
Data with deviations of more than £0.4% are those of Smith and
Good”” and Gammon and Smith.*®

Density data for the compressed liquid were correlated with a
Tait equation similar to that by Dymond and Malhotra® of the
form

pref(TIPYEf) (3)
p+D(T)
Pref + D(T)

where p..fT) is the temperature-dependent density at the
reference pressure p,.r = 0.083 MPa from eq 2. The temperature
dependence of the parameter C was omitted, because it was not
needed to fit the data within their experimental uncertainty. The
temperature dependence of the Tait parameter D(T) was
expressed by a quadratic polynomial

p(T,p) =
1—Cln

D(T) = D, + D, T, + D3 T;* (4)

where T, is the absolute temperature T divided by 273.15 K.
Values of the four adjusted parameters in eqs 3 and 4 and their
standard deviations are given in Table 4. Panels a and b of
Figure S show deviations of the measured compressed liquid
density data relative to the Tait equation of state. This correlation
represents our data with an AAD of 0.015%, which is well within
their estimated uncertainty. One advantage of the Tait equation
of state is that it can be reliably extrapolated to pressures
considerably higher than those to which it was fitted."® In the
case of JP-10, we expect that extrapolations to pressures of 100
MPa will yield densities with an estimated uncertainty of 0.1%.
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Figure S. Deviations of density data of compressed liquid JP-10 from the correlation (eqs 3 and 4) as a function of (a) pressure and (b) temperature.

6. CONCLUDING REMARKS

In this work, the density and speed of sound of jet fuel JP-10
have been measured at ambient pressure in the temperature range
from 278.15 to 343.15 K. No prior measurements of sound speed
of this fuel were found in the literature. Density measurements
were carried out over a temperature range from 270 to 470 K, with
pressures to 30 MPa. The density measurements at ambient
pressure support extrapolations of the compressed liquid densi-
ties to ambient pressure, which is a prerequisite to developing a
correlation of the density data over the entire measurement range.
Included correlations of experimental densities represent the data
within their estimated uncertainties. The Tait correlation pro-
vided here offers an easy to use equation for fitting compressed-
liquid density data over large ranges of temperature and pressure.

1137

The measured properties of JP-10 (at ambient pressure)
were compared to those of other fuels that were measured
previously in this laboratory.'»'>?' JP-10 has the highest density
and speed of sound of the compared fuels. This is consistent
with its molecular size, shape, and charge distribution also
studied in this work. For instance, on the basis of the
ab initio calculations described in the Sample Characterization
section, the TCD molecule (C;oH;¢) has a calculated volume of
1624 A compared to 198 A® of n-decane (C1oHs,), which
has only six more hydrogens. The tighter packing on the
molecular level is reflected in the higher density that was
measured in this work. In addition to its high density and speed
of sound, JP-10 has other unique properties, such as high thermal
stability and high energy density;>* therefore, while in its pure
form, it may only have niche applications, it has the potential to
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be used as an additive to other fuels to optimize their
performance.

A unique property of JP-10 of scientific interest is the extra-
ordinarily wide temperature range of its liquid region from the
melting point of 194 K to the critical point at 698 K (where it is
thermally unstable'). It is known that the length of the vapor
pressure curve of a compound reflects the contributions of
repulsive and attractive forces to its molecular interaction
potential.*> The shorter the vapor pressure curve, the more
repulsive the molecular interactions. Conversely, the long vapor
pressure curve of JP-10 indicates that long-range attractive forces
play a significant role in its interactions. This unique balance
between attractive and repulsive contributions to the force field of
JP-10 warrants further investigation that could be benchmarked
against the accurate experimental data reported in this work.
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